Bacterial resistance to one antibiotic is frequently accompanied by cross-resistance to other drugs. Similarly, non-antibiotic selective forces, from biocides to osmotic stress, have been shown to decrease antibiotic susceptibility, often the result of shared, non-specific resistance mechanisms. On the other hand, evolved resistance to particular antibiotics may also be associated with increased sensitivity to other drugs, highlighting evolutionary constraints that could form the basis for novel anti-resistance strategies. While recent studies indicate this collateral sensitivity is common between antibiotics, much less is known about potentially sensitizing effects of non-antibiotic stressors. In this study, we use laboratory evolution to investigate adaptation of E. faecalis, an opportunistic bacterial pathogen, to a broad collection of environmental agents, ranging from antibiotics and biocides to extreme pH and osmotic stress. We find that non-antibiotic selection frequently leads to increased sensitivity to other conditions, including multiple antibiotics. Based on the measured resistance profiles, we hypothesized that sequential rounds of antibiotic and non-antibiotic selection may further enhance sensitivity by harnessing the orthogonal collateral effects of particular pairs of selective forces. To test this hypothesis, we show experimentally that populations evolved to a sequence of linezolid (an oxazolidinone antibiotic) and sodium benzoate (a common preservative) exhibit increased sensitivity to more stressors than adaptation to either condition alone. The results demonstrate how sequential adaptation to drug and non-drug environments can be used to sensitize bacterial to antibiotics and highlight new potential strategies for exploiting shared constraints governing adaptation to diverse environmental challenges.
I. INTRODUCTION
The emergence of drug resistance is continually shrinking an ever-smaller pool of drugs necessary for the successful treatment of infectious disease and cancer [1] [2] [3] [4] [5] [6] [7] . The evolution of resistance is a complex stochastic process that may depend on spatiotemporal dynamics of the host environment [8] [9] [10] [11] [12] [13] [14] . In addition, resistance evolution in fluctuating or multi-agent environments may be driven by phenotypic trade-offs reflecting conflicting evolutionary goals.
For example, recent studies have shown that acquiring resistance to a single antibiotic frequently leads to a change in the susceptibility to a different antibiotic, a phenomenon known as collateral sensitivity or cross resistance [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . While the molecular mechanisms of collateral sensitivity have been identified in several specific cases-for example, modulation of protonmotor force underlies increased sensitivity to some antibiotics induced in aminoglycosideresistant mutants 18 -they are generally difficult to uncover and may vary by species and drug, making them an ongoing focus of research. At the same time, a number of recent studies have shown that systems-level approaches based on phenotypic profiling may help identify statistical properties of these collateral effects, even when molecular mechanisms are not fully known 16, 17, 19, 24, [26] [27] [28] .
In addition to antibiotics, many studies have shown that exposure to non-antibiotic conditions, such as heavy metals, biocides, extreme temperatures, acidic or osmotic stress, and even growth media may also lead to reduced susceptibility to antimicrobials [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . For example, adaptation to the antiseptic chlorhexidine was recently shown to be associated with collateral resistance to daptomycin, a lipopeptide antibiotic used to treat multidrug-resistant Gram-positive infections 33 . In addition, antibiotic resistant strains often exhibit increased sensitivity to antimicrobial peptides 39 , and bacterial undergoing long-term evolution without drug experience generally show decreased antibiotic resistance 40 . As a whole, these studies point to overlapping evolutionary constraints that govern adaptation to a large and chemically diverse collection of deleterious environments. In turn, they raise the question of whether non-antibiotic stressors-which are frequently encountered in both clinical and natural environments-might play an important role in the evolution of drug resistance and, at the same time, represent an untapped set of environmental "levers" for steering evolutionary trajectories.
While there has been extensive progress identifying the molecular mechanisms governing cross-resistance between specific pairs of antibiotic and non-antibiotic stressors, relatively little is known about the systems-level properties of these evolutionary trade-offs. Does adaptation to non-antibiotic stressors frequently lead to modulated antibiotic resistance, or are these effects relatively rare, restricted-perhaps-to structurally or mechanistically similar agents? When these collateral effects appear, are they dominated by cross resistance, pointing to an ever-accelerating march to resistant pathogens with broad multi-agent resistance?
Or do these conditions co-select for increased sensitivities, potentially leading to multiagent environmental sequences that trap cells in evolutionarily vulnerable states? Recent approaches that leverage similar incompatible evolutionary objectives have revolutionized our view of multidrug therapies 41 . Non-antibiotic stressors may offer a complementary set of unappreciated selective forces for simultaneously sensitizing pathogens to multiple drugs.
In this work we start to answer some of these questions using laboratory evolution and phenotypic profiling in an opportunistic bacterial pathogen. Specifically, we investigate phenotypic collateral effects arising during bacterial adaptation to 6 antibiotics and 7 nonantibiotic environments, including common biocides, extreme pH, and osmotic stress. As a model system, we focus on E. faecalis, a Gram-positive bacterial species frequently found in the gastrointestinal tracts of humans. E. faecalis can survive in a range of harsh environments, making it a good candidate for adaptation to many different environmental conditions. At the same time, E. faecalis contributes to multiple human infections, including urinary tract infections and infective endocarditis, making it an important clinical pathogen [42] [43] [44] [45] .
In a recent study, we used laboratory evolution to characterize the phenotypic collateral sensitivity profiles between multiple antibiotics in E. faecalis 26 . In this study, we show that collateral resistance and sensitivity are also surprisingly common between more general environmental stressors, both between different non-antibiotic stressors and between antibiotics and non-antibiotic conditions. While the specific resistance profiles vary between independent populations, even when selected by the same condition, the collateral sensitivities remain common. For example, 25 of 32 isolates selected by the antimicrobial triclosan exhibited increased sensitivity to at least one of the 6 antibiotics tested. Finally, we show experimentally that populations evolved to a sequence of two conditions (the antibiotic linezolid and the preservative sodium benzoate) can induce increased sensitivity to more conditions than adaptation to either stressor alone. The results demonstrate how sequential 3 adaptation to drug and non-drug environments can be used to sensitize bacterial to antibiotics and highlight new potential approaches for leveraging evolutionary trade-offs inherent in adaptation to diverse environments.
II. RESULTS

A. Collateral effects between antibiotic and non-antibiotic stressors are common
To investigate collateral effects between antibiotic and non-antibiotic conditions, we exposed populations of E. faecalis strain V583 to increasing concentrations of a single condition for up to 60 days (approximately 450 generations) via serial passage evolution ( Figure 1A , Methods). We repeated this laboratory evolution for 7 different (non-antibiotic) selecting conditions, including extreme pH, osmotic stress, biocides, and preservatives (Table I) . Following laboratory evolution, we isolated a single colony ("mutant") from each population and measured its susceptibility to all 7 conditions as well as to 6 antibiotics spanning multiple classes ( Table 1 ) via high-throughput dose-response experiments. In addition, we measured susceptibility of 6 previously isolated strains (one for each antibiotic; strains were originally isolated in 26 ) to all 7 non-antibiotic stressors. To quantify resistance to each condition, we estimated the half maximal inhibitory concentration (IC 50 ) for all 13 isolates, as well as isolates from the ancestral populations, to each of the 13 conditions (Methods; Figure 1B ).
For each isolate-condition combination, we then calculate c ≡ log 2 (IC 50,M ut /IC 50,W T ), the log-scaled fold change in IC 50 of the mutant (relative to ancestral strains) ( Figure 1C ).
Resistance therefore corresponds to c > 0 and sensitivity to c < 0.
We find that isolates selected by antibiotics frequently exhibit modulated sensitivity to non-antibiotic conditions, and conversely, isolates selected by non-antibiotics often exhibit modulated sensitivity to antibiotics ( Figure 1C ). Sensitivity was altered in 62 percent (104/169) of condition-mutant pairs, with 58 percent (91/156) corresponding to collateral effects (i.e. modulated resistance to a stressor other than that used for selection). Collateral sensitivity is more common (58 percent, 53/91) than collateral resistance (42 percent, 38/91), though all 13 isolates exhibited both collateral resistance and collateral sensitivity to at least 2 distinct conditions. were exposed to increasing concentrations of a single selecting condition over multiple days via serial passage experiments (Methods). The evolution was repeated for 13 different selecting conditions, including six antibiotics and seven non-antibiotic stressors (Table I) . At the end of the evolution experiment, a single colony was isolated from each population and tested for modulated sensitivity to each of the 13 environmental conditions. B. Example dose response curves for isolates selected by triclosan (left) and chlorhexidine (right). Vertical line represents estimated half-maximal inhibitory concentration (IC 50 ), with shaded regions confidence intervals (95%). C. Resistance (red) or sensitivity (blue) to each condition is quantified using the (log 2 -transformed) fold change in the IC 50 for the selected isolate relative to that of ancestral (V583) cells. Dashed regions correspond to antibiotic susceptibilities of non-antibiotic selected isolates (lower left) and, conversely, non-antibiotic susceptibilities of antibiotic selected isolates (upper right). 
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We next asked whether the resistance profiles selected by different conditions show statistical similarities. One might hypothesize, for example, that profiles selected by chemically similar stressors would be strongly correlated with one another. On the other hand, correlations between profiles could also arise if different stressors are associated with promiscuous resistance determinants-for example, multidrug efflux pumps 46 -even for conditions that are chemically dissimilar. Indeed, we found strong (linear) correlations between the resistance profiles selected under many different pairs of conditions ( Figure 2A threshold. Similarly, we asked whether resistance levels between pairs of different testing conditions were correlated across different isolates. We found anticorrelations to be more common between testing conditions (33/78 pairs), including in two of the three pairs eclipsing significance (p < 0.01). Specifically, we found negative correlations between resistance to NaCl and basic conditions and between ciprofloxacin and triclosan, but positive correlations between ciprofloxacin and spectinomycin.
B. Selection by chlorhexidine or triclosan frequently sensitize bacteria to at least one antibiotic
Previous studies have shown that collateral profiles may be highly variable, even when selection is performed multiple times under the same conditions 25, 26 . To estimate this variability for non-antibiotic stressors, we evolved 32 replicate populations to each of two antimicrobials, triclosan (TCS) and chlorhexidine (CHX), for a total of 22 days (approximately 170 generations). Triclosan is an antimicrobial agent found in numerous consumer products, including soaps, body washes, and toothpastes. It has been linked with cross-resistance to antibiotics in multiple species 35 and was recently shown to induce resistance to antibiotics both in vitro and in vivo 47 . Chlorhexidine is an antimicrobial found in many disinfectants and commonly used as a general antiseptic in hospitals. Chlorhexidine exposure has been linked with increased resistance to daptomycin in E. faecium, a closely related enterococcal species 33 . Following the laboratory evolution to each condition, we measured the resistance profiles for single isolates from each population to all 13 environmental conditions (Figure 3) . collateral profiles of isolates selected by TCS ( d p = 2.2) and CHX ( d p = 1.6) both exhibit isolate-to-isolate variability, it is considerably smaller than the variability observed across all conditions ( d p = 5.2). In addition, the distribution of pairwise distances between isolates selected by the same condition (TCS or CHX) is considerably more narrow that the distribution across all isolates (Figure 3 , upper right insets). We also tested for correlations between resistance levels to pairs of stressors across the ensemble of isolates for each condition. Not surprisingly, the correlations between pairs of stressors vary substantially depending on the selecting conditions used to generate the isolates (compare insets in Figure 3A , 3B). For example, resistance to KCl is correlated with resistance to triclosan following chlorhexidine selection ( Figure 3A , lower right) but weakly anticorrelated in triclosan-selected isolates ( Figure 3B , lower right). On the other hand, there are rare pairs of environments-such as NaCl and KCl-where resistance is strongly correlated in all sets of isolates, likely reflecting the extreme chemical similarity between the stressors.
C. Sequential rounds of antibiotic and non-antibiotic selection can lead to widespread sensitivity
Our results indicate that both collateral sensitivity and cross resistance are surprisingly common in the evolved lineages. Selection by one condition (by definition) leads to resistance to that condition, but it frequently sensitizes the population to multiple other conditions.
In fact, our experiments showed that selection by one stressor led to increased sensitivity to between 3 and 7 other conditions ( Figure 1B ). Unfortunately, these increased sensitivities are also accompanied by frequent cross-resistance, placing limits on the number of sensitivities that can be selected by any one condition.
However, we hypothesized that it might be possible to circumvent those limitations by using a sequence of two stressors. While this sequential selection is likely to produce resistance to, at minimum, the two selecting conditions, it's possible that judiciously chosen conditions could lead to more sensitivities than either condition alone-in effect harnessing the orthogonal sensitizing effects of particular pairs of selective forces. To guide our search, we first calculated the expected number of sensitivities following sequential selection by each pair of conditions under the naive assumption that phenotypic effects are purely additive.
Because resistance is measured on a log scale, the assumption of additivity means that rel-ative changes in IC 50 (or similar) are multiplicative; for example, if conditions 1 and 2 each reduce IC 50 to 40 percent of the value in ancestral cells, their sequential application would reduce IC 50 to 16 percent. We note that such null models are imperfect, as they fail to capture epistasis and known hysteresis in evolutionary trajectories (see, for example, 23 ). Here we use the null model only to identify candidate condition pairs for further experimental investigation. Under these additivity assumptions, the number of sensitivities is expected to increase for most pairs of stressors; that is, assuming additivity of the measured sensitivity profiles, sequential exposure to pairs of stressors is often predicted to sensitize the population to more stressors than exposure to either single agent alone ( Figure 4A ). In three cases (LZD-NaCl, LZD-NaBz, and NIT-SPT), the number of sensitivities is expected to increase by three or more, providing a substantial benefit over the single agent selecting conditions.
To test these predictions experimentally, we focused on the pair linezolid (LZD), a protein synthesis inhibitor, and sodium benzoate (NaBz), a commonly used food preservative. Our
original selection experiments showed that selection in LZD led to 5 sensitivities and NaBz led to 4 sensitivities; the sensitivities are largely non-overlapping, and sequential selection is therefore predicted to an increase in the number of sensitivities. To test this prediction, we performed experimental evolution on eight replicate populations to each of 3 conditions:
LZD alone, NaBz alone, and a two-phase sequence consisting of LZD evolution followed by NaBz evolution. For convenience, we limited each evolution phase to 10 days (70-80 generations), making this considerably shorter than the original adaption in Figure 1 . We then tested an isolate from each population for modulated resistance to each of the 13 environmental conditions ( Figure 4B ).
The isolates selected by LZD or NaBz alone had sensitivity profiles that are similar, but not identical, to those selected in the original experiment (Figure 1 ). For both conditions, the single agent evolution led to increased sensitivity to an average of approximately 4 conditions ( Figure 4C ). Strikingly, however, evolution in the LZD-NaBz sequence ("switch") sensitized the isolates to more than 6 conditions on average, with some isolates exhibiting sensitivity to eight conditions.
To test the quantitative accuracy of the null model, we generated an ensemble of plausible resistance profiles for the sequential selection experiment. Each profile in the predicted ensemble corresponds to the mean of one pair of profiles, with one member of the pair drawn from the LZD only selection (Figure 4B , left) and one drawn from the NaBz only Sensitivity Resistance Experiment (mean) selection (Figure 4B, middle) . The mean profile in this ensemble agrees surprisingly well with the mean profile measured in the LZD-NaBz evolution ( Figure 4D ).
Mean of Replicates
III. DISCUSSION
These results provide a systems-level picture of the phenotypic trade-offs accompanying evolved resistance to antibiotic and non-antibiotic stressors in an opportunistic pathogen.
We find that collateral resistance and collateral sensitivity are surprisingly pervasive across conditions, underscoring the need to better understand how adaptation to non-antibiotic environments may contribute to drug resistance. These widespread collateral effects raise the question of whether frequently encountered stressors-food additives, preservatives, biocides, or simply common elements of natural environments-may steer bacteria toward multidrug resistance, and in turn, whether there may be an unappreciated role for these agents in slowing or reversing resistance. As proof-of-principle, we showed experimentally that sequential adaptation to different environments can be used to sensitize bacterial to antibiotics, a consequence of the largely non-overlapping sensitivities induced by each agent alone.
The goal of this study was to investigate patterns of resistance between antibiotics and non-drug stressors at a phenotypic level. By taking a systems-level view, we hoped to gauge the prevalence collateral sensitivity and assess the potential of non-antibiotic agents for evolutionary steering. This approach comes with obvious drawbacks, and it indeed leaves us with many unanswered questions. Most notably, it is vitally important to understand the molecular and genetic mechanisms facilitating these overlapping resistance profiles, though doing so on a broad scale is not easily done in one study. Our ongoing work aims to understand the distributions of genetic mutations occurring in these populations, a goal that is increasingly tractable-if still challenging-with large-scale genome and population sequencing.
In fact, there are many well-known examples of molecular mechanisms that confer nonspecific resistance to structurally unrelated compounds in bacteria, including a number of multidrug resistance transporters and efflux pumps 46, [48] [49] [50] . On the other hand, collateral sensitivity in bacteria remains much less understood, even between antibiotics. Recent evidence suggests these sensitivities may be governed by target mutations that induce global changes in gene regulation or by mutations altering drug uptake and efflux 51 . Similar mech-anisms may also underlie many of the observed collateral effects between antibiotic and non-antibiotic stressors.
We have shown experimentally that sequential adaptation to antibiotic and non-antibiotic conditions can sensitize bacteria to more environments than either agent alone. While we focus here on a clinically relevant bacterial species, it is not clear the these results will generalize to other species. We used a simple additive model to identify candidate environmental pairs for sequential selection. While the model gave surprisingly accurate predictions in these experiments, it will clearly fail when effects of epistasis or evolutionary hysteresis are strong. On the other hand, if epistasis effects are approximately symmetric about zero or typically small relative the core effects of additivity, similar null models may still prove useful for finding environmental pairs that increase the number of sensitivities, though the predictions of specific profiles are likely to become increasingly inaccurate. Longterm application will therefore require continued experimental mapping of the collateral sensitivity profiles selected by increasingly complex and realistic environmental conditions.
IV. MATERIALS AND METHODS
A. Strains, antibiotics, non-antibiotics and media
All mutants were derived from E. faecalis V583, a fully sequenced vancomycin-resistant clinical isolate 52 . The 13 conditions used to select mutants are listed in Table 1 . Antibiotics were prepared from powder stock and stored at -20°C with the exception of ampicillin, which was stored at -80°C. Triclosan, chlorhexidine and sodium benzoate were prepared from powder stock and stored at -20°C. Acid ( pH 1.5) and Base ( pH 10.5) stock solutions were prepared by titrating HCl and NaOH into BHI medium respectively. These stock solutions were mixed in appropriate volumes with standard BHI ( pH 7.0). Saturated KCl and NaCl stock solutions were prepared by dissolving KCl and NaCl into BHI medium.
As with Acid and Base, appropriate mixtures of saturated KCL and NaCl solutions were mixed with standard BHI medium. Evolution and IC 50 measurements were conducted in BHI medium alone with the exception of daptomycin, which requires an addition of 50 mg/L calcium for antimicrobial activity.
B. Laboratory Evolution Experiments
Evolution experiments were performed in 96-well plates with a maximum volume of 2 mL and a working volume of 1 mL BHI. Each day, at least three replicate populations were each grown in a different concentrations of the selecting agent. The concentrations were chosen to include both sub-and super-inhibitory concentrations. After 20-23 hours of incubation at 37°C, aliquots (5 µL) from the population that survived (OD¿0.3) the highest concentration were added to a new series of wells and the procedure was repeated for 50-60 days (350-450 generations). Note that isolates from antibiotic selection experiments (see 26 ) were evolved for only 8 days, in part because resistance to antibiotics increased much more rapidly than resistance to other agents, such as NaCl. We chose longer timescales for the non-antibiotic conditions to ensure resistance to the selecting condition increased by approximately 2x or more in each case. On the final day of selection, we plated a sample from each population on BHI agar plates, isolated a single colony from each plate, and stored the remaining population volume at -80C in 30 percent glycerol. Each OD reading was normalized to by the OD reading for the same isolate in the absence of drug.To quantify resistance, the resulting dose response curve was fit to a Hill-like function f (x) = (1 + (x/K) h ) −1 using nonlinear least squares fitting, where K is the half-maximal inhibitory concentration (IC 50 ) and h is a Hill coefficient describing the steepness of the dose-response relationship. A mutant strain was deemed collaterally sensitive (resistant) if its IC 50 decreased (increased) by more than 3σ W T , where σ W T is the uncertainty (standard error across 8 replicates) of the IC 50 measured in the wild-type strain. Note that all estimates of IC 50 in the ancestral strains, across all replicates and for all conditions, are contained in this ±3σ wT range and would therefore not be considered sensitive or resistant.
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